Abstract-A compact Phi-shaped monopole antenna for super wideband applications is proposed. It consists of a Phi-shaped radiator derived from a conventional elliptical monopole and quarter elliptical CPW ground plane. An impedance bandwidth from 3.5 to 37.2 GHz is achieved with a ratio bandwidth of 10 : 1. It provides an average peak realized gain of 3.5 dB with a group delay of less than 0.5 ns. The proposed antenna structure provides large bandwidth with the advantage of miniaturized dimensions compared to other SWB antenna structures.
INTRODUCTION
Recent developments in modern communication systems have excited the need of an antenna which can operate over a bandwidth covering both short-and long-range transmissions for ubiquitous services. These requirements can be fulfilled by a super wideband antenna having a ratio bandwidth of at least 10 : 1 impedance bandwidth at 10-dB return loss. In literature, few super wideband antenna structures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] are available. In most of the structures, super wideband operation is achieved by using fractal concept. Among these SWB structures, planar monopole structures [3] [4] [5] [7] [8] [9] [10] combine very large bandwidth capabilities with omnidirectional radiation patterns, easy fabrication, and simple integration with the monolithic microwave integrated circuits.
In [1] , semielliptical fractal-complementary slots were embedded into the asymmetrical ground plane of a planar microstrip-fed super wideband monopole antenna to achieve a bandwidth of 1.44-18.8 GHz. The dimensions of this antenna were 35 × 77 mm 2 . A probe-fed octagonal fractal microstrip patch antenna covering frequency spectrum from 10 GHz to 50 GHz and having dimensions of 60×60 mm 2 was presented [2] . In [3] , a coplanar waveguide-fed monopole antenna composed of a rectangular monopole patch notched at the bottom, a T-shaped CPW ground in the notch, and a tapered CPW ground out of the notch was presented. It had an overall bandwidth of 2.4-24.3 GHz and dimensions of 41 × 30 mm 2 . In a CPW-fed circular monopole antenna, the bandwidth of 0.79-9.16 GHz was achieved by using trapeziform ground planes [4] . In [5] , a SWB monopole antenna having bandwidth from 640 MHz to more than 16 GHz and dimensions of 150 × 150 mm 2 was designed. It comprised a corner rounded partial ground plane and a radiator composed of a semi-elliptical and a semi-circular metallic portions. Circular and elliptical slot antenna structures with both kinds of feeding structures, i.e., microstrip feedline and coplanar waveguide feedline were investigated [6] . All the designed structures covered a bandwidth from approximately 2.65 GHz to more than 20 GHz. In [7] , a planar inverted cone antenna (PICA) comprising planar inverted cone radiator and planar inverted cone slot loaded ground plane was proposed. It covered a bandwidth 2.2-25 GHz and had dimensions of 60 × 60 mm 2 . A printed super-wideband (SWB) antenna consisting of an elliptical monopole and a trapezoid ground plane was designed to cover the frequency spectrum from 1.08 GHz to 27.4 GHz [8] . It has dimensions of 120 × 124 mm 2 . A circular monopole antenna fed by a two stepped microstrip line is designed to cover the frequency spectrum from 3.5 GHz to 31.9 GHz [9] . It had dimensions of 30 × 35 mm 2 . A super wideband (SWB) antenna comprising exponentially tapered feed region and patch printed monopole antenna was designed to cover a bandwidth of 2.5-80 GHz with overall dimensions of 40 × 30 mm 2 [10] . All these antenna structures had either large dimensions or complex structures or higher frequency limit less or equal to 20 GHz.
In this paper, a Phi-shaped radiator is derived from a conventional elliptical monopole. The area of the proposed antenna structure is 0.2785λ× 0.234λ, where λ is the wavelength at lower cut off frequency of −10 dB return loss bandwidth. The bandwidth of the proposed antenna structure is enhanced by utilizing the techniques of slot loading, addition of tilted metallic strip to the radiator and modified CPW ground plane. It has advantages of large bandwidth with smaller dimensions. This antenna will be suitable for many applications.
ANTENNA DESIGN
The configuration of the proposed super wideband antenna structure is depicted in Figure 1 . The optimized dimensions of the antenna structure are listed in Table 1 . The substrate used for designing the proposed antenna structure is an FR-4 epoxy dielectric material having a dielectric constant of 4.4, loss tangent of 0.02 and thickness of 1.6 mm. From the available literature, it is observed that two kinds of groups work on SWB antenna design. The first group uses an FR-4 substrate due to low fabrication cost and achieving the desirable results [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . On the other hand, the second group has reported the lossy characteristics of an FR-4 substrate at very high frequencies or millimeter wave frequencies [11, 12] . The Phi-shaped radiator is fed by a microstrip line. The initial dimensions of the feedline are calculated by using standard feedline equation [13] .
(1)
Coplanar waveguide ground plane is utilized due to its advantages such as easy fabrication, low loss, convenience for shunt and series connections on the same side of the substrate avoiding via holes, etc. The structure of the proposed antenna radiator is derived from a conventional elliptical monopole. The deriving stages and structures of the proposed antenna are demonstrated in Figure 2 . Initially an elliptical monopole antenna with rectangular CPW ground plane, shown in Figure 2 (a), is designed and investigated. Since the current density at the central part of ellipse is zero or negligible, an elliptical slot is etched to produce an annular ring radiator, demonstrated in Figure 2 (b). After this slot loading, a tilted rectangular strip is added to the annular radiator resulting into Phi-shaped radiator, shown in Figure 2 (c). Thereafter, the conventional rectangular CPW ground plane is replaced by quarter elliptical CPW ground planes, shown in Figure 2(d) . All the simulations are carried out by using FEM-based Ansoft's HFSS simulation software [14] .
RESULTS AND DISCUSSION
The comparison among the reflection coefficients of antenna structures designed at various derivation stages of the proposed antenna versus frequency is shown in Figure 3 and listed in Table 2 . From Figure 3 and Table 2 , it is observed that antenna I has four operating bands, i.e., 4.47-5.56 GHz, 7-11.82 GHz, 12.9-20. , and the lower cutoff frequency of the first operating band is decreased from 4.47 GHz to 4.27 GHz. In this case, the number of operating bands is also unchanged, i.e., four. The bandwidth of the first operating band is enhanced from 1.09 GHz to 4.08 GHz whereas the bandwidth of the second operating band is decreased .84 GHz to 1 GHz. The lower and higher edge frequencies of the third operating band are shifted from 12.9 GHz to 13.35 GHz and 20.9 GHz to 21.3 GHz with no significant effect on the bandwidth. The fourth operating band is unaffected by this slot loading. For antenna III, i.e., after the addition of tilted rectangular strip to the radiator of antenna II, the first operating band again gets reduced from 4.08 GHz to 1.66 GHz whereas the second operating band is widened from 1 GHz to 5.66 GHz, and the last two operating bands are observed to be unaffected. Three additional resonances at the frequencies of 11.66, 19.28 and 27.334 GHz are achieved along with the shifting of previously obtained resonances. After this, by replacing the conventional CPW rectangular ground plane with quarter elliptical ground plane, all the previously defined four operating bands are merged resulting into a single operating band ranging from 3.8 to 38 GHz. The proposed SWB antenna structure is fabricated using T-Tech QC-5000 micro-milling machine after the verification of the results obtained from FEM based HFSS software, by using the CST MWS software [15] . The final prototype is shown in Figure 4 . The experimental measurement of the reflection coefficient and VSWR characteristics is carried out by using Agilent E8364B PNA. The comparison between the experimental and simulated reflection coefficients versus frequency is depicted in Figure 5 . The tabular comparison of experimental and simulation results is listed in Table 4 . A good agreement is observed between the experimental and simulation results. Similar observations are made from the comparison of measured and simulated VSWR results, demonstrated in Figure 6 . The discrepancies between the HFSS and CST results are due to the different mesh sizes of two simulators suitable for their different analytical techniques. In CST MWS, the antenna response for the whole frequency range is achieved in a single pass, whereas in HFSS, the antenna response is achieved by dividing the operating range into multiple parts. The disparity between the experimental and simulated results can be attributed to the fabrication tolerances and imperfect soldering effects of SMA.
A comparison between two wideband antennas is done in terms of ratio bandwidth, 10-dB bandwidth, electrical dimension, and Bandwidth Dimension Ratio (BDR). The index term BDR allows antenna engineers to identify the compactness and wider bandwidth characteristics of their 
where, λ is the wavelength at the lower cut off frequency of the operating bandwidth. A large value of BDR is desirable to verify the advantages of the proposed antenna structure over already available structures in terms of size and bandwidth. The results of the comparison between the proposed antenna structure and other antenna structures [1] [2] [3] [4] [5] [6] [7] [8] [9] are presented in Table 5 . From Table 5 , it is observed that the proposed antenna structure has lower ratio bandwidth than other structures. It is also observed that a BDR of 2541 is exhibited by the designed antenna. Therefore, it can be concluded that good bandwidth characteristics with much smaller dimensions are offered by this antenna in comparison to other antennas [1] [2] [3] [4] [5] [6] [7] [8] [9] . Figure 7 demonstrates the variation of real and imaginary parts of simulated input impedance of the proposed antenna structure with frequency. From Figure 7 , it is observed that the real part oscillates around 50 Ω whereas the imaginary part oscillates around 0 Ω in the operating bandwidth. These oscillations provide an observation that the overall input impedance of this antenna structure is approximately 50 Ω, i.e., the characteristic impedance of the coaxial probe. This equivalence in impedance values will result in better transfer of power from the coaxial probe to the feedline.
The measurement setup for the radiation pattern of designed antenna structure is shown in Figure 8 . The antenna structure points in Φ = 0 • direction while lying along X-axis in X-Y plane. θ is varied from 0 • to 360 • to measure E-plane and H-plane patterns in X-Z plane and Y -Z plane, respectively.
The radiation patterns of the proposed antenna in both E-plane (Φ = 0 • ) and H-plane (Φ = 90 • ) are measured in an anechoic chamber. During the measurement, pyramidal horns are used as transmitting antennas. The transmitting antennas are connected to Microwave Analog Signal Generator through an isolator and waveguide to coaxial transitions for corresponding frequency bands. The proposed antenna, to be used as receiving antenna, is connected to coaxial detector and placed in far-field region.
The simulated and measured radiation patterns of the proposed antenna structure at three frequencies in two planes, i.e., E-plane (Φ = 0 • ) and H-plane (Φ = 90 • ), are demonstrated in Figure 9 . For the first frequency at 4.6 GHz, shown in Figure 9 (a), it is observed that the H-plane pattern is omnidirectional whereas the E-plane pattern is bidirectional. For the remaining frequencies greater than 10 GHz, distorted omnidirectional patterns are observed in both planes. The distortion of patterns at higher frequencies can be attributed to the higher modes occurring at corresponding frequencies. In these radiation patterns, normalized gain is plotted. The variation of experimental peak realized gain of the designed antenna structure is given in Figure 10 . From Figure 10 , it is observed that the peak realized gain increases with frequency. This phenomenon takes place because at higher frequencies the dimensions of radiating patch are larger than the wavelength corresponding to that higher frequency. The measured peak gain has a minimum of 1.89 dB at 3.8 GHz and 13.7 dB at 33 GHz. These values of peak gain are in accordance with the peak gain reported in previous SWB structures [2, 10, 16] .
The plots of total and radiation efficiencies of the proposed antenna structure versus frequency are depicted in Figure 11 . It leads to an observation that this antenna structure has a radiation efficiency varying between 0.55 and 0.99. The total efficiency has a variation from 0.50 to 0.94. Both efficiencies are observed to decrease with increase in frequency. It is because at various frequencies there are varying performances of the radiating structure, substrate and SMA connector.
The distribution of current density along the surface of the proposed antenna structure is studied by simulating it. It is observed that for the first resonance of 4.6 GHz, shown in Figure 12(a) , the current density is high at the transition from the feedline to the radiator and at the lower portion of ground plane around the feedline. In the remaining portion of the structure, the surface current is uniformly distributed. At the second resonance, depicted in Figure 12 (b), current is observed to be highly concentrated around the upper section of feedline, at the transition between the feedline and radiator. Low current density is observed at some sections in radiator, titled strip and ground plane. In the case of third resonance, demonstrated in Figure 12 (c), the current density is high around the Table 6 . Fidelity factor of the designed antenna in two configurations of time domain analysis.
Configuration
Face to Face Side by Side Fidelity Factor (%) 75 80
whole length of feedline, in the left half section of annular ring and inside the tilted strip. Zero surface current density is observed in the middle portion of ground plane. For the fourth resonance, shown in Figure 12 (d), high current density is observed in and around the feedline. Uniform current density distribution is found along the whole antenna structure. The area of zero current density surface in the ground plane is much less than that in the case of the third resonance. At the fifth resonance of 18.6 GHz, presented in Figure 12 (e), the surface current density distribution is similar to that of the fourth resonance except the zero density at the upper portion of radiator. In the case of the sixth resonance, depicted in Figure 12 (f), the surface current density distribution is almost unaffected except the increase in the area of zero current density surface inside the ground plane. For the seventh resonance, shown in Figure 12 (g), the current density inside the radiator is increased, and the area of zero current density surfaces in the ground plane is also increased. At the eighth resonance, demonstrated in Figure 12 (h), the zero current surfaces are observed to be shifted from the ground plane to the tilted strip of radiator. In the case of last resonance, depicted in Figure 12 (i), almost no small zero current density surfaces are observed inside the ground plane. During the time domain analysis of the proposed structure, a distance of 15 cm is kept between two similar antenna structures in two configurations, i.e., face to face and side by side. The two configurations are illustrated in Figure 13 . Each antenna structure is excited by a Gaussian pulse, having centre frequency of 20.25 GHz and bandwidth of 0.5-40 GHz, to act as a transmitter, and the transmitted impulse is received at the second antenna structure. The normalized amplitudes of transmitted and received pulses in both configurations are shown in Figure 14 . By using these normalized amplitudes of both configurations, a well-defined term Fidelity Factor (FF) is calculated by using the following equation [17] :
where, s t (t) and s r (t) are the transmitted and received pulses, and τ is the group delay. This fidelity factor defines the amount of correlation between the transmitted and received pulses. The calculated values of the fidelity factor in both configurations are listed in Table 6 . From Table 6 , it can be concluded that in side by side configuration the correlation is more than that in face to face configuration. This observation implies that the antenna transmits the exciting pulse with less distortion in side by side configuration and with more distortion in another configuration. Simulated group delay versus frequency characteristic of the designed antenna structure. Group delay is defined as the negative rate of change of transfer function phase with respect to frequency and is mathematically calculated by using the following equation [18] . It is a measure of signal transition time through a device.
where, Φ is the phase response of the radiated signal and ω the frequency in radians per second. The phase response and group delay are related to the antenna gain response. The simulated group delay in both configurations is shown in Figure 15 . Figure 15 leads to an observation that the group delay varies between −0.3 ns and 0.4 ns. These limits of group delay are in a acceptable range for wideband applications.
The antenna transfer function is expressed as H(ω) = 2πRcS 21 (ω)e jωR/c jω (6) where, c is the free space velocity and R the distance between the two antennas [19] . The variation of the amplitude of simulated isolation, S 21 , with frequency in both configurations is shown in Figure 16 . From Figure 16 , it is observed that the isolation amplitude varies from −20 to −70 dB for both configurations. The phase of the isolation, S 21 , shown in Figure 17 , for both configurations also varies linearly with frequency, leading to the observation that there will be no phase shift in the transmitted pulse. 
CONCLUSION
A Phi-shaped monopole antenna for super-wideband applications is designed and analyzed. The designed antenna structure is derived from a conventional CPW-fed elliptical monopole antenna. The validation of simulated results by the experimental results justifies the suitability of this antenna structure for SWB applications. The comparison of the designed antenna structure with other antenna structures available in the literature is done in terms of a well-defined term, BDR. The comparison in terms of BDR verifies the advantages of miniaturized size and wide bandwidth provided by this antenna structure over other antenna structures. Due to those advantages, this antenna structure will be useful for UWB applications, mobile applications, WAS/RLANS (17.1-17.3 GHz), satellite applications, defence systems, BBDR (4.94-4.99 GHz), radio determination applications (4.5-7 GHz, 13.4-14 GHz), Doppler Navigation aids, radio astronomy (22.5 GHz, 24.05-27 GHz, 36.43-36.50 GHz), SRR (21.4-27 GHz), ISM (24.25 GHz), Wideband High Definition Television, Aeronautical Radio Navigation, VSAT/SNG etc. [20] .
